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Abstract 

Today, a variety of methods are available for micro-scale transportation without inflicting damage on biological samples. There are 

several numerical and experimental studies in the literature that make use of microrobots to manipulate particles in non-contact 

performances. One of the applications used to mitigate the aforementioned risk is non-contact micro manipulation by hydrodynamic 

effects, and with the micro-objects floating around the core of a free vortex this method can be implemented effectively. However, a 

robotic model predicting the dynamics of such microsystems is rare in the literature and yet to be applied for manipulation of a 

bacterium. In this paper, a single magnetic particle that is assumed to be held in a fixed place while rotated by an external magnetic 

field, and an E. Coli minicell swimming in the free vortex induced by the described rotation. The mathematical model and the 

numerical simulations presented here via linear set of equations for rigid body-motion under the magnetic and hydrodynamic forces 

are built in cylindrical coordinates. Results demonstrate the numerical stability of the robotic model along with predicted-motion 

pointing to a steady periodic orbit around the vortex center for a total of 600 periods of simulated magnetic field rotation. Results to 

the numerical experiments are focused on the rigid-body rotation of E. Coli minicell, the propulsive force of the rotating helical tail of 

the bacterium, and acceleration, speed, and displacement of the bacterium with respect to the center of the vortex.  

 

Keywords: Biomedical micro-robotics, E. Coli Minicell, Micromanipulation, Rigid-body motion. 

Tek Bir E. Coli Minicell'in Temassız Mikromanipülasyonu 

Öz 

Biyolojik numunelerin üzerinde yapısal zarar vermeden çalışılması için günümüzde çeşitli mikro robotik yöntemler mevcuttur. 

Literatürde, bir mikro parçacığı çeşitli yöntemler ile manipüle etmek için mikrorobotları kullanan nümerik ve deneysel çalışmalar 

bulunmaktadır. Yapısal zarar görme riskini ortadan kaldıran yöntemlerden biri de hidrodinamik temassız mikro manipülasyondur. Bu 

yöntem, bir serbest girdap merkezi etrafında yüzen mikro parçacıkların manipülasyonuna dayanmaktadır. Ancak, halihazırda 

bakterilerin hidrodinamik kuvvetler yardımı ile temassız manipülasyonunu açıklamak için literatürde bir robotik model sunulmamıştır. 

Burada, manyetik alanlar tarafından döndürülürken sabit tutulabilen bir manyetik parçacık ve oluşan girdap akışı içerisinde yüzen bir 

E. Coli Minicell bakterisinin katı cisim davranışları çalışılmıştır. Tüm matematiksel model, silindirik koordinatlarda inşa edilmiştir. 

Simülasyon sonuçları, toplam 600 periyot manyetik alan dönüşü boyunca bakteri hücresi için girdap merkezi etrafında stabil ve 

periyodik bir yörünge öngörmüştür. Sunulan sonuçlar, bakterinin itki kuvveti ile katı cisim hareketi üzerine yoğunlaşmaktadır.  

 

 

Anahtar Kelimeler: Biyomedikal mikro robotik, E. Coli Minicell, Mikro manipülasyon, Katı cisim hareketi. 
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1. Introduction 

Development of biomedical micro robotic applications is an 

ever-growing research field (Sitti et al., 2015). It is very difficult 

to apply and control force in the micro world, in this particular 

case to manipulate cells without exerting excessive mechanical 

stress. However, with the development of mictotechnology and 

motion control, new methods have emerged. This is where 

rotating micro robots play an important role. Working principle 

of rotational microrobot is to capture and manipulate the particle 

by creating a vortex in the microfluidic environment.  Such 

microrobots allow for precise sorting and characterization of 

micro-scale objects, such as cells, on individual level along with 

automatized elaborate operations (Ger et al., 2013; Paris et al., 

2018; 2021). Spiral-shaped micro swimmers, i.e., bacteria-like 

geometries, can find the shortest path to the target with 

specialized algorithms such as optimum bi-directional round-trip 

time (Liu et al., 2020). Actuation of such micro swimmers 

include the utilization of reconfigurable micro-system via 

magnetic fields (Diller et al., 2011) and, since their environment 

of performance is aqueous, the overall rigid-body motion of such 

robots can be controoled by programming the magnetic potential 

energy distribution spatially and temporally (Shahrokhi et al., 

2017; Dong and Sitti, 2020).  

Micro-manipulation of cells can be a breakthrough in the 

medical field. Immersed micro-objects can be cought via the 

flow field of swimming micro robots to realize noncontact 

micromanipulation (Piat and Gauthier, 2002; Cecil et al., 2005; 

Khalil et al., 2020). For instance, due to angular momentum of 

light and its implementation in optical micromanipulation, light 

of certain wavelenghts can cause the trapped material to spin 

(Volke‐Sepúlveda, 2005). Based experimental studies, optical 

tweezers are known to be capable of various cell manipulations 

(Liang et al., 2010). Additionally, due to the force balance on the 

volume of interest, multiple particles might tend to form spatial 

arrangements when captured via optical or acoustic tweezers 

(Nogawa et al., 2011; Gong and Baudoin, 2020) that helps 

manipulation and manufacturing of microrobots. However, 

biological samples could be damaged by heat or light (Ye and 

Sitti, 2014), therefore, there exist experiments in the literature 

showcasing the local manipulation of some bacterial species 

with the help of a rotating magnetic fields (Ye and Sitti, 2014).  

Based on the flow of moving micro vortices, it is possible to 

manipulate nearby particles (Petit et al., 2012). With the help of 

vortices created by the controlled rotation of micro robots (Peyer 

et al., 2011; Huang et al., 2014), particles can be gently captured 

and manipulated. In previous work, the free vortex flow field, 

caused by spinning magnetic particulate matter, is used to form 

curved streamlines that are modeled with the help of energy 

conservation and the Magnus effect indirectly applied in the 

equation of motion (Sürer and Tabak, 2021).  

There are other methods and applications of micro 

manipulation. Research shows that automation of the motion of 

specialized microrobots is possible even with the presence of 

obstacles in liquid medium (Charreyron et al. 2015). Also, it was 

demonstrated that Enterobacter aerogenes can be efficiently 

captured and manipulated via electric field for manipulation 

(Mishra et al., 2016). The gait of a helical natural swimmer or 

microrobot can be predicted and or controlled in three 

dimensions based on the low Reynolds number swimming 

conditions (Erman and Tabak, 2014; Qiu et al., 2014; Oulmas, 

2018). Finally, microrobots can be used to tow chemicals and 

material, although cannot strictly be classified as non-contact 

(Behkam and Sitti, 2006; Martel and Mohammadi, 2010; de 

Lanauze et al., 2013). 

The main aim in this study is to capture and manipulate a 

bacterium instead of the normal inorganic particle. It has already 

been numerically shown in the literature that it is possible to 

interfere with the swimming trajectory of a E. Coli Minicell 

(Tabak, 2020a). In the previous study, the hydrodynamic forces 

exerted on a spherical particle along with the ensuing rigid-body 

motion was investigated (Sürer and Tabak, 2021). In this paper, 

the main objective is to further extend the micro robotic model 

and showcase its numerical stability. Therefore, the rigid-body 

motion of a E. Coli Minicell is studied while captured and forced 

through a circular orbit via a free vortex that is magnetically 

induced in an aqueous medium in vitro. Simulations are carried 

out in MATLAB environment. 

2. Material and Method 

The mathematical model of the previous study (Sürer and 

Tabak, 2021) forms the basis to consruct the equation of motion 

of the micro manipulation system studied here. In this particular 

study, there is one magnetic particle that is being held in a fixed 

location while being rotated via an external field and there is a 

single bacterium cell, E. Coli minicell with a spherical cell body 

(Chattopadhyay and Wu, 2009) that is most suitable for the 

modeling approach employed in this study, swimming in the 

vicinity of the free vortex core. Figure 1 illustrates the two 

aforementioned objects; the magnetic particle at the vortex 

center and the bacterium cell orbiting around. The bacterium cell 

is active and non-magnetic; thus, it experiences the propulsive 

force of its rotating helical tail and the drag force of the free 

vortex. The force balance on magnetic particle and the bacterium 

cell is written in cylindrical coordinates. Both particles are 

assumed to be neutrally buoyant and fully submersed far enough 

from any solid boundary for sake of simplicity (Higdon and 

Muldowney, 1995; Sürer and Tabak, 2021). The model, i.e., 

forces and rigid-body motion, presented here is constructed in 

the lab frame in cylindrical coordinates. 

 

Figure 1: Magnetic particle and bacterium cell submerged in a 

large liquid bath. The magnetic particle being rotated by external 

magnetic field whereas the bacterium is trapped by the drag of 

the free vortex. The objects are not illustrated to scale. 

The angular acceleration of the magnetic particle at the 

vortex core, with magnetic torque and drag torque, is given as:  

𝐽
𝑑𝛺

𝑑𝑡
= (𝒎 × ℜ𝑩) − 8πμR3Ω.      (1) 

with m denoting the magnetization vector of the particle with the 

magnetic properties that of a N52-grade Neodymium magnet 

(Dong et al., 2019) along the direction of [1 0 0]T. The magnetic 
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field, B, is given as B = [20·cos(2π·f·t) −20·cos(2π·f·t) 0]T mT 

with f = 1 Hz for the rotation rate of the field. Furthermore, J, R, 

and μ stand for the moment of inertia and the radius of the 

spherical magnetic particle, dynamic viscosity of aqueous 

medium, respectively. Rotation rate of the magnetic particle at 

the vortex core is signified by Ω. Finally, ℜ takes care of the 

rotation from lab frame to the inertial frame of the rotating 

magnetic particle. 

The bacterium cell will exhibit six degrees of freedom 

motion when captured, three of which can simply be represented 

as the rigid-body translation in the lab frame whereas the rest 

will be rigid-body rotation in its inertial frame that is given by 

cylindrical coordinates (Figure 2). Furthermore, all six can be 

represented by a set of matrix equations. The rigid-body 

translation will be under the influence of the vortex-induced 

radial force, due to resultant pressure difference (Sürer and 

Tabak, 2021), the azimuthal drag of the flow field induced by the 

rotating magnetic particle (Sürer and Tabak, 2021) modeled 

based on Bernoulli equation across the streamlines (Munson et 

al., 2005), and the thrust force of the rotating helical tail 

vertically in all directions (Tabak, 2020a). Likewise, the rigid-

body rotation will occur based on the shear of the free vortex 

and the propulsive torque of the rotating helical tail (Tabak, 

2020a). It is worth mentioning that all resultant rigid-body 

velocities will be met with inertial and shear resistance.  

Thus, the equation of motion for the bacteria is given as: 

𝑚 [

𝑎𝑟

𝑎𝜃

𝑎𝑧

] = {−6πμ𝑎𝑢𝑟 

      − 𝜋𝑎2𝜌 ∫
(

Ω𝑅2

𝑟
−𝜔𝑧(𝑟−𝑟𝑝))

2

𝑟
𝑑𝑟

𝑟𝑝+𝑎

𝑟𝑝−𝑎
}�̂�𝑟     (3) 

−6πμ𝑎(𝑢𝜃 − 𝑣𝜃)�̂�𝜃 + 𝐅p ,   

and 

𝑗 [

𝛼𝑟

𝛼𝜃

𝛼𝑧

] = (−8πμR2Ω𝑎 − 8πμ𝑎3𝜔)�̂�𝑧 + 𝐓p.   (4) 

 

Figure 2: Depiction of the inertial frame of E. Coli minicell 

expressed in cylindrical coordinates (left); orientation of the 

inertial frames in the lab at t = 0 s (right). 

Here, a signifies the radius of the E. Coli minicell as m and j 

stand for its mass and moment of inertia, respectively. For sake 

of simplicity, the moment of inertia of the rotating helical tail is 

omitted. Also, vθ denotes the local azimuthal flow velocity in a 

proximity of rp to the core whereas ur and uθ are the radial and 

azimuthal rigid-body velocities of the bacterium captured by the 

free vortex. Finally, ωz is the integral of αz.  

The propulsive force and torque contribution of the rotating 

helical tail, Fp and Tp as given above, are modeled as (Tabak, 

2020a; 2020b): 

[
𝐅𝑝

𝐓𝑝
] = 𝐌𝑡𝑎𝑖𝑙

[
 
 
 
 
 

0
0
0

𝜔𝑡𝑎𝑖𝑙

0
0 ]

 
 
 
 
 

.         (5) 

Here, Mtail is the full 6×6 matrix of fluid-drag based on 

resistive force theory (Keller and Rubinow, 1976; Tabak, 2020a; 

2020b) mapping the fluid resistance to the screw-like tail 

rotation, ωtail, onto the main axes in the inertial frame of the E. 

Coli minicell represented in cylindrical coordinates. It is 

important to acknowledge that Euler angle representation (Spong 

et al., 2005) is summoned to find the instantaneous orientation of 

the bacterium cell with respect to the vortex core that is made 

use of to find the instantaneous position in the lab frame. 

3. Results and Discussion 

In this particular simulation study, the magnetic particle at 

the core of the free vortex is 200 μm in diameter whereas the 

diameter of the E. Coli Minicell is 0.41 μm (Chattopadhyay and 

Wu, 2009) and it is initially placed 110 μm away from the center 

of the vortex core looking in negative radial direction in the lab 

frame as depicted in Figure 2 (right). Simulation results not only 

demonstrate the dynamics of the manipulated bacterium but also 

the stability of the mathematical model presented here via a long 

run for a total of 600 seconds in real-time. The rigid-body 

motion is studied along the rθ-plane for neutrally buoyant 

particle and bacterium. All results are obtained with the help of 

MATLAB 2020a and presented in the lab frame, i.e. [êr êθ êz]T. 

 Figure 3 demonstrates the radial and azimuthal propulsive 

force components induced by the rotating helical tail of the 

bacterium cell. Extrema of both components are in the order of 

O(–13) and oscillate around zero. Also, Figure 4 gives the radial 

pressure force exerted on the body of the bacterium, which is 

predicted by Bernoulli’s equations (Sürer and Tabak, 2021; 

Munson et al., 2005) on the radial direction, and the azimuthal 

drag force of the free vortex acting, again, on the body of the 

bacterium. The pressure force is oscillating with an apparent 

negative mean, as expected, and in the order of O(–19). On the 

other hand, the azimuthal drag on the bacterium is oscillating 

with a negative mean on the order of O(–13) thus overcoming 

the propulsive force as will be evident.  

Figure 5 represents a comparison of the said force 

components over 10 seconds in real-time. The rotation rate of E. 

Coli Minicell is 78 Hz (Chattopadhyay and Wu, 2009). 

Furthermore, the bacterium exhibits complex rigid-body 

rotations (Tabak, 2018). As a result, components of the 

propulsive force are found to be highly nonlinear. On the other 

hand, the main component of the oscillation in drag and pressure 

forces of the free vortex due to step-out phenomenon (Sürer and 

Tabak, 2021), as visualized in Figure 5. Finally, the higher order 

component in the rigid-body z-rotation of the bacterium happens 

to be the combined result of the shear of the azimuthal stream 

and the propulsive torque on the body. 

Figure 6 depicts the radial acceleration, velocity, and 

displacement of the bacterium with respect to the vortex core. 

The rigid-body displacement exhibits an oscillatory behavior 

with the order of O(–5); therefore, arguably following a stable 

orbit around the rotating magnetic particle. Although the 

instantaneous radial velocity is observed to be higher than one 
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body length per unit time; however, the radial proximity is found 

to be almost steady periodic.   

 
Figure 3: Propulsive force of the rotating helical tail along radial 

(top) and azimuthal (bottom) directions. 

 
Figure 4: Radial (pressure, top) and azimuthal (stream, bottom) 

force of the free vortex on the E. Coli minicell. 

Figure 7 demonstrates the rigid-body motion of bacterium in 

the azimuthal direction around the vortex core. The net 

displacement in 600 seconds is on the order of O(–1), thus the 

model predicts that the bacterium is coerced to orbit the vortex 

core several times per unit time. In the meantime, the azimuthal 

velocity oscillates with the order of O(–4). 

Figure 8 demonstrates the total rigid-body rotation of the 

magnetic particle at the vortex core and the total rigid-body 

rotation of the bacterium around the vortex core in lab frame. It 

can be observed that the bacterium orbits the magnetic vortex 

core ~130 times while the magnetic core itself completes ~160 

full rotations over a time-span of 600 seconds.  

Figure 9 demonstrates the lateral rigid-body rotation 

behavior of the bacterium in its inertial frame. The rotation rate 

along z-axis is affected by the shear exerted on the bacterium 

body by the free vortex. On the other hand, the rotation along r-

axis is dominated only by the propulsive torque and opposing 

fluid resistance. Furthermore, the radial rotation is omissible in 

comparison to the z-rotation. 

 

Figure 5: Comparison of force components acting on the E. Coli 

Minicell with (a) induced by free vortex (left-hand-side) and 

induced by rotating helical tail (right-hand-side); (b) pressure 

and propulsive forces acting along the radial direction (top) and 

drag and propulsive forces acting along the azimuthal direction 

(bottom). 

 

Figure 6: Radial acceleration (top), velocity (middle), and 

displacement (bottom) of the E. Coli minicell trapped by the free 

vortex. 

 

Figure 7: Azimuthal acceleration (top), velocity (middle), and 

displacement (bottom) of the E. Coli minicell trapped by the free 

vortex. 
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Figure 8: Lateral rigid-body rotation, acceleration (top) and 

velocity (left), of E. Coli minicell in inertial frame of the 

bacterium; along z-axis (left-hand-side) and along radial-axis 

(right-hand-side).  

 

Figure 9: The total rotation of the E. Coli minicell around the 

vortex core (top) and the total rotation of the magnetic particle at 

the vortex core (bottom). 

4. Conclusions and Recommendations  

 The robotic model is demonstrated to be numerically stable 

and the simulations predicted a steady periodic orbit around the 

vortex core for about 600 period of magnetic field rotation. 

Therefore, it is arguably possible to manipulate the motion of a 

live bacteria although we did not include random walks in the 

simulation. Thus, Brownian noise should be included in the 

model to study the effect of stochastic rigid-body motion. In the 

meantime, given that the results are presented for Newtonian 

flow conditions, the model should further be improved to 

include non-Newtonian fluids to ascertain how shear-thinning 

phenomenon would affect the stability of the orbit. Furthermore, 

the E. Coli Minicell did not collide with the magnetic particle 

avoiding the danger of getting stuck on its surface due to 

electrostatic effects that are not included in the model. 

 Addressable manipulation of a bacterium will only be 

possible if multiple rotating cores are employed in tandem so the 

superimposed effect of adjacent free vortices could be harnessed 

to coerce the cell to move along a relatively straight path. A 

matrix of rotating cores will make it possible to sort multiple 

bacteria based on their body size and shape owing to distinct 

shear drag they would experience. However, this brings out the 

problem of controlling multiple magnetic cores simultaneously 

that might dictate the requirement of a specifically tailored 

magnetic field and actuation system dynamics for the desired 

application.  
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